Triethylborane-initiated atom transfer radical cyclization reactions of various allyl or 3-butenyl iodoacetates could be efficiently carried out at room temperature with trifluoroacetic acid as the solvent. Compared to water as the solvent, trifluoroacetic acid has better solubility for organic substrates and might also function as an acid catalyst.
Introduction
The past two decades have witnessed a rapid growth in intramolecular free radical cyclization reactions and their application in organic synthesis. [1] [2] [3] [4] [5] [6] [7] [8] [9] Cyclization 10 of α-carbonyl radicals leading to the formations of lactones, lactams, and cycloalkanones has received considerable attention because of its great potential in natural product synthesis. Several methods have been developed to carry out these transformations, including the tin hydride method, the halogen atom transfer method with bis(tributyltin) or triethylborane, and the organomercurial method. Of these cyclization reactions, 5-exo cyclization of α-ester radicals leading to the formations of γ-lactones is the most widely studied type of reaction. In order to have efficient cyclization, fast tautomerism between s-trans and s-cis rotomers of the α-ester radicals is essential because the cyclization requires the s-cis conformations of higher energy. Several techniques have been developed for these reactions, including temperature effect, high dilution effect and solvent effect. High dilution increases the possibility of cyclization by inhibiting intermolecular oligomerization. 11 Increasing the reaction temperature facilitates cyclization by allowing the faster tautomerism between s-trans and s-cis conformations of the radicals, as demonstrated by Curran and coworkers. 12 For example, the reaction of allyl iodoacetate (1a) in benzene (0.03 M)
ISSN 1424-6376 Page 61 © ARKAT USA, Inc at 80 o C afforded the cyclization product 2a in 43% yield while no 2a could be formed when the reaction was performed at room temperature in benzene. More recently, Oshima and coworkers showed that water is a powerful solvent for atom transfer radical cyclization reactions. [13] [14] As a result, reaction of 1a in water (0.03 M) at room temperature gave the expected cyclization product 2a in 67% yield. However, these reactions suffer from the low solubility of the substrates in water. For substrates having a longer alkyl (more than three carbons) chain, the reaction yield was significantly lowered. We envisioned that, by raising the solubility of substrates in the water solution, higher yields of cyclization products might be achieved. Herein we report that trifluoroacetic acid act as an excellent co-solvent for the atom transfer cyclization reactions in water. Moreover, trifluoroacetic acid alone serves as a remarkable solvent for these radical cyclization reactions.
Results and Discussion
We chose allyl iodoacetate 1a as the model substrate. For the ease of comparison, the substrate concentration was set at 0.03 M in all the cases. The triethylborane-initiated radical reaction of 1a was carried out in various solvents at room temperature (Equation 1) and the results are summarized in Table 1 . (1) As can be seen in Table 1 , the use of acetone, ethanol or DMSO as the co-solvent resulted in a significant decrease in the yield of cyclization product 2a (entries 2 -4, Table 1 ). However, the addition of trifluoroacetic acid in water (1:1, v:v) afforded the cyclization product 2a in 53% yield (entry 5, Table 1 ). Increasing the ratio of trifluoroacetic acid to water showed almost no difference in the product yield. Moreover, the reaction of 1a in pure trifluoroacetic acid led to 47% yield of 2a (entry 7, Table 1 ). The reaction was fast and complete within an hour and the result was easily reproducible. On the other hand, the reaction of 1a in pure water was difficult to be reproduced.
We then tested various allyl iodoacetates 1a-1g in the mixed solvent of trifluoroacetic acid and water or in trifluoroacetic acid alone and the results are summarized in Table 2 . For the ease of comparison, the results in water are also listed in Table 2 . In all the cases tested, moderate to good yields of cyclization products were achieved when trifluoroacetic acid was used as a co-solvent with water or as the only solvent. The advantage of trifluoroacetic acid over water becomes evident when the substrate bears a long alkyl substituent. For example, the reaction of substrate 1c having a butyl substituent in trifluoroacetic acid gave the cyclized product 2c in 52% yield, while the same reaction in water gave no expected product at all (entry c, Table 2 ). While a clear trend in the decrease of product yield was observed in water when the terminal alkyl substituent in the substrates became longer, the corresponding product yield was not significantly affected when trifluoroacetic acid was used (entries e-g, Table 2 ). Apparently this should be ascribed to the better solubility of substrates in trifluoroacetic acid than in water.
We then extended the above solvent system into the cyclization reactions of 3-butenyliodoacetates 3a-3d (Equation 2) and the results are summarized in Table 3 . Although a lower yield (20%) of 4a was obtained in trifluoroacetic acid than in water (42%), the substrates 3b-3d with a methyl substituent α to the carbonyl gave good yields of the expected product δ-lactones in trifluoroacetic acid, while the same reactions in water produced only a trace (< 5%) amount of the cyclization products. The dramatic difference between trifluoroacetic acid and water as solvent might be ascribed to the acid character of the former, as these atom transfer radical cyclization reactions are usually promoted by Lewis acids. [15] [16] In conclusion, we have demonstrated that trifluoroacetic acid serves as a remarkable solvent in the atom transfer radical cyclization reactions. The unique effect of trifluoroacetic acid resulted from its good solubility towards organic substrates and the possible role of acid catalysis. We are currently exploring the performance of trifluoroacetic acid in other types of radical cyclization systems.
Experimental Section
General Procedures. NMR spectra were recorded in CDCl 3 ( 1 H at 300 or 400 MHz and 13 C at 75.47 MHz) using TMS as the internal standard. 2D NMR spectra were obtained with a Bruker DRX-400 spectrometer. EIMS (70 eV) were obtained with Finnigan 4000 (GC mode) and Kratos MS-50 spectrometers. Most products were isolated by column chromatography on silica gel with hexane -ethyl acetate in appropriate ratio as the eluent.
Typical procedure for atom transfer annulation reactions
Allyl iodoacetate 1a (224 mg, 1 mmol) was placed in a 50 mL flask, and a mixture of trifluoroacetic acid and water (1:1, v:v) was added under nitrogen atmosphere. Triethylborane (0.10 mL, 0.10 mmol, 1.0 M solution in CH 2 Cl 2 ) was then introduced. Air (5 mL) was injected via syringe into the flask. The resulting mixture was stirred at room temperature and monitored by TLC. When the substrate was consumed, the product solution was extracted with CH 2 Cl 2 (4×100 mL). The CH 2 Cl 2 solution was then neutralized with NaHCO 3 solution, washed with brine and dried over anhydrous Na 2 SO 4 . After removal of the solvent under reduced pressure, the crude product was purified by column chromatography on silica gel with ethyl acetate -hexane (1:1, v:v) as the eluent to afford pure 2a as a yellowish liquid. Yield: 120 mg (53%). The spectra were identical with those reported in the literature. 
